Because of the unique and similar chemical properties, rare earth elements [REEs: lanthanides (La -Lu) and yttrium] have proven to be very useful for elucidating igneous rock petrogenesis and for interpreting processes of metasomatism, ore formation and rock alternation.
Nowadays, the commonly used analytical techniques are inductively coupled plasma-mass spectrometry (ICP-MS) [4] [5] [6] [7] [8] and ICP-atomic emission spectrometry (AES). 4, 5, [9] [10] [11] Recently, capillary electrophoresis (CE) is attracting analysts to apply it to REE analytical chemistry, [12] [13] [14] [15] because it has advantages of simultaneous separation and the determination of analytes.
Despite the capability to separate very small quantities of sample by CE, high limits of detection or low detection sensitivity, and poor reproducibility are still impeding the application of the CE technique to trace REE analysis. Therefore, considerable CE studies are focusing on the development of detection systems for the sensitive determination of REE analytes. [16] [17] [18] [19] [20] [21] These studies, however, have been hardly applied to trace REE analysis in practical samples; the reason is most likely to be due to the lack of a detailed investigation of REE electrophoresis separation in the presence of coexisting elements and the poor reproducibility of REE ions with CE detection.
In this study, the electrophoresis separation of trace REE analytes was systematically investigated in the presence of major matrix and trace elements from geological samples, and the separation of interference elements was conducted. In order to obtain good-quality REE data, an internal standard was employed to improve the analytical performance of the CE technique. Our objective is to develop a methodology for the CE determination of trace REE analytes in geological materials.
Experimental

Instrumentation
A P/ACE TM MDQ capillary electrophoresis instrumentation (Beckman Coulter, CA, USA) equipped with a variablewavelength UV detection system at the Centro de Investigacion en Energia was used in this study. The UV detection was set at a wavelength of 214 nm. The sample was introduced at the anode side by electrokinetic injection (4 kV, 20 s). Under an applied voltage of 25 kV, separations were carried out using a fused-silica capillary with 60 cm (effective length 50 cm) × 75 µm i.d. at 25˚C in a temperature-controlled room. The capillary was flushed with 1 M NaOH, water and running buffer each for 15 min at the beginning. Between runs, 3 min for washing with the buffer was applied. The CE instrument control and data processing were manipulated using a Windows NT 4.0 operation system and 32 Karat software.
Reagents and solutions
Water was deionized with a Milli-Q system (Millipore Mexico, Mexico) to a resistivity of 18 MΩ cm -1 and was employed throughout for experimental preparation. The applied creatinine, α-hydroxyisobutyric acid (HIBA), acetic acid (HAc), HCl, HF, H2SO4, NaOH, Na2O2, triethanolamine and ammonium pyrrolidinedithiocarbamate (APDC) were of analytical reagent grade.
The running buffer consisted of 17 mM creatinine, 7 mM HIBA, 140 mM HAc and 6.5 mM HCl. A 1% APDC solution was filtered prior to use. AGV-2 (USGS) and GSR-2 (GWB 07104, China), marine sediment GSMS-1 (GWB 07313, China) and GSMS-2 (GWB 07315, China), stream sediment GSD-3 (GWB 07303, China) and yellow-red earth GSS-5 (GWB 07405, China).
Mono-elemental stock solutions of 1000 µg mL -1 in 3% HNO3, prepared from REE oxides (Inorganic Ventures, NJ, USA) were used. In order to match the REE content level in real samples, a synthetic standard solution in 3% HNO3, prepared from the above stock solutions, contained different REE concentrations: 100 µg mL -1 of Ce, 60 µg mL -1 of La and Nd, 40 µg mL -1 of Pr, Sm, Gd, Y, Dy and Yb, and 20 µg mL -1 of Eu, Ho, Er, Tm and Lu. Experimental standard solutions were diluted from the synthetic standard solution.
Preparation of working standard solutions
An appropriate REE quantity taken from the synthetic standard was transferred to a 50 mL glass beaker containing 10 µg Tb and made up to ∼2 mL with water. After being dried on a hot plate by heating, and then kept for 5 min, 10 mL of water was added to the beaker; the solution medium for REE ions was water, i.e. REE ions in a water medium. Following this procedure, a series of REE working standards was prepared within the concentration range of 0.125 to 2.5 µg mL -1 for Ce, 0.075 to 1.5 µg mL -1 for La and Nd, 0.05 to 1.0 µg mL -1 for Pr, Sm, Gd, Y, Dy and Yb, and 0.025 to 0.5 µg mL -1 for Eu, Ho, Er, Tm and Lu.
Preparation of samples
After 0.2 g of a sample wetted by water in a graphite crucible was digested with 2 mL of HF and 0.5 mL of H2SO4 until no SO3 fume was observed, the residue was fused with 1 g of Na2O2 at 750˚C for 10 min. The melted sample was transferred to a 100 mL beaker containing 5 mL of 50% triethanolamine; the resulting solution was dissolved with 50 mL of boiling water and boiled for 5 min. By filtration, the precipitation was collected and then dissolved with 10 mL of 40% HCl. This solution was saved in the original beaker, to which 10 µg of Tb was added, concentrated to ∼0.5 mL and made up to ∼15 mL with water. Adjusted to pH 2, the solution was coprecipitated with 5 mL of 1% APDC and left standing for 1.5 h. The supernatant was collected, concentrated to ∼15 mL and adjusted to pH 8.5. The precipitate was washed with water and dissolved with 5 mL of 40% HCl. The solution was saved and treated following the preparation of working standards, and was kept for REE determination by the CE.
Results and Discussion
Electrophoretic separation of REE ions
In geological samples, the contents of REE individuals are fairly different; for example, light REE is up to 2 orders of magnitude as high as heavy REE. A synthetic standard with higher contents of light REE than heavy REE was employed for the separation of REE ions. Based on the running buffer system of binary-complex HIBA and HAc for REE separation, proposed by Sun (2004) , 22 an appropriate amount of HCl was involved to the system containing 17 mM creatinine, which is an ion-probe for the indirect UV detection of REE ions. After the optimization of HIBA, HAc and HCl, 7 mM HIBA, 140 mM HAc and 6.5 mM HCl were obtained for a good separation of all REE ions (Fig. 1) . Figure 1 is an electropherogram for 1 µg mL -1 of Tb, 0.5 µg mL -1 of Ce, 0.3 µg mL -1 of La and Nd, 0.2 µg mL -1 of Pr, Sm, Gd, Y, Dy and Yb, and 0.1 µg mL -1 of Eu, Ho, Er, Tm and Lu. Following the preparation of REE standards, different contents of REE ions in a water medium were detected, and the minimum content, just presenting a peak response, was observed at ∼2 ng mL -1 .
Instrumental detection level
With the same instrumental parameters, REE ions in ∼0.5% HNO3 directly diluted from the synthetic standard were detected, and the concentration at ∼1000 ng mL -1 was detectable. Clearly, the detectable content of REE ions in the water medium was much lower than that in the 0.5% HNO3 medium, which is attributable to the much greater quantity of analytes injected.
By electrokinetic injection, the quantity injected, Qinj, is given by
where V is the voltage, c is the sample concentration, t is the time duration of the applied voltage, r is the capillary radius, µEP is the electrophoretic mobility of the analyte, µEOF is the electroosmotic mobility, and L is the total capillary length. It can be seen from the Eq. (1) that the quantity of analytes injected depends on their electrophoretic mobilities with electrokinetic injection. Because the electrophoretic mobility of an analyte is dependent on the solution medium and pH, 23 any variations in sample solutions, as indicated by the difference in their conductivities, will cause changes in the quantities of the analyte injected. The lower is the conductivity of the sample solution, the greater are the quantities of the analyte injected. Since the conductivity of the water medium is certainly much lower than that of the 0.5% HNO3 medium, the quantity of REE ions injected for the former is much larger than that for the latter. The improved REE detectable level is similar to that of the ICP-AES technique. Therefore, the CE technique is feasible for detecting trace REE analytes with the combination of electrokinetic injection and REE ions in the water medium.
Interference of coexisting elements with REE analytes
In geological materials, there exist complicated coexisting elements, which may influence the electrophoretic separation of REE ions. Their effects on the REE separability were examined at different content levels. REE analytes were mixed with major elements, such as K, Na, Ca, Mg, Fe and Al, at ratios similar to them in geological samples, and then separated by CE. Since no REE peak could be observed, the matrix effect from major constituents of geological materials is severe. At the level of 1 µg mL -1 , the effects of K, Na, Ca, Mg, Fe, Al, Mn, Cr, Cu, Pb, Zn, Cd, Co, Ni, Bi, Sn, U and Th were examined, 2a) , and Al present a broad peak, which is a strong background of Yb and Lu (Fig. 2b) .
Separation of interference elements
In order to obtain good-quality REE data in geological samples, REE analytes must be separated from the matrix and interference elements. Since Al is a major component in geological materials, effective separation of a sample of Al seems to be especially challenging because of its severe interference with heavy REE ions at the level of 1 µg mL -1 (Fig.  2b) . Based on the formation of the Al anion in a strong alkaline medium, after sample decomposition with Na2O2 fusion was employed, the melted sample was reacted with water. As a result, Al as an anion with other major elements, such as K, Na and Ca, occurs in the supernatant, and REE analytes as hydroxide forms are precipitated in the solid phase. As a helping reagent, triethanolamine reacts with Fe and Al to form complexes occurring in the aqueous phase; thus, some removal of Fe and Al is expected. The remains of sample Fe are further separated at pH 2 with transition and heavy elements, such as Cu, Co, Ni and Cd, by the coprecipitation of APDC chalete. [24] [25] [26] After sample decomposition with Na2O2 and coprecipitation with APDC chelate, sample REE analytes and Mg are left. In alkaline media, Mg forms hydroxide precipitation, Mg(OH)2, simultaneously carrying REE analytes. 27 As a major constituent of geological materials, the quantity of sample Mg was used to coprecipitate REE analytes at pH 8.5. Therefore, no more addition of Mg was involved in the geological materials during this course of this work.
An examination of the separability of sample REE analytes was conducted for 0.2 g of GSR-2 material with the addition of REE standards treated following the preparation of samples. As shown in Fig. 3 , a good separation can be observed for the sample REE analytes.
Compared with Fig. 2 , this electropherogram shows that the interference of Cu with Ho is effectively separated, and that the quantity of sample Al remains less than 50 µg. Unfortunately, the remaining Al still causes a severe effect on Lu, arising from some difficulties to integrate its peak area. Because the GSR-2 material contains 8.56% Al, more than 99% of the sample Al is removed. Undoubtedly, this chemical procedure can successfully eliminate any matrix effect and trace elemental interference.
Method precision and accuracy
In order to examine the reliability of the proposed method, standard addition was conducted for 0.2 g of GSR-2 material. Table 1 gives its certified values and the added quantities of REE for individuals. The recovery of the whole procedure was estimated by preparations with the introduction of an internal standard Tb to the sample solution prior to its dryness. The REE measurements reflect the yield of the chemical procedure.
Relative to the total quantities of the sample contribution and the standard addition, the following procedure recovery (%) was obtained: 102 ± 3, 99.7 ± 4.5, 103 ± 2, 98.3 ± 1.7, 102 ± 1, 99.8 ± 4.0, 97.0 ± 1.5, 104 ± 2, 97.4 ± 3.7, 104 ± 3, 104 ± 7, 90.1 ± 7.6 and 96.1 ± 6.0 for La, Ce, Pr, Nd, Sm, Eu, Gd, Y, Dy, Ho, Er, Tm and Yb, respectively. Considering the chemical similarity between REE analytes, Tb admixed with samples as early as possible may further improve the quality of the REE data. Such preparations with the addition of Tb as mentioned above for samples were used to evaluate the precision of this method. After subtracting the sample contribution from the REE analyses, the data associated with the addition of REE quantities were found. As shown in Table 1 , these found data are consistent with the added quantities, and show that their variation (RSD%) is better than 5%.
Method quantification limit
As mentioned above, REE ions are detectable at ∼2 ng mL -1 ; this content is reflective of the instrumental detection level. Due to analyte contaminations from the chemical procedure, the method detection level is generally higher than the instrumental detection level. Conventionally, all procedure blanks are used for estimating the quantification limits of the method. However, the procedure blanks could not present any peak response, which is the basis of quantitative analysis by the CE technique. As suggested by Verma et al. (2000) , 28 a trace-level standard, just giving the peak response, was used to estimate the limits of detection by this technique. In this study, examining this minimum REE concentration was conducted: 2 mg of Mg, approximately the amount from the practical samples, was mixed with a small REE quantity and treated like samples; prior to dryness, 10 µg Al was added to the solution, and then prepared as the resulting solution. The minimum contents were observed at ∼10 ng mL -1 for Y ion and ∼20 ng mL -1 for other REE ions, and were accepted as the limits of detection for this method. Accordingly, the detection limits were ∼0.5 µg g -1 for Y and ∼1 µg g -1 for others if a 0.2 g sample was taken.
Analysis of geological reference materials
In order to validate the applicability and suitability of this method to practical samples, several types of certified 553 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 geological reference materials were employed: andesite AGV-2, marine sediment GSMS-1 and GSMS-2, stream sediment GSD-3 and yellow-red earth GSS-5. For each of them, five replicates were prepared and determined. As shown in Table 2 , these analyses are in agreement with the certified values, except for Ho in AGV-2 and GSS-5, and Tm in AGV-2, GSD-3 and GSS-5 due to their contents being lower than the quantification limit of this method.
Selection of internal standard
Although CE is a promising analytical technique, its application to REE analytes in practical samples is still unsatisfactory.
This should be attributable to its poor reproducibility. In this study, an internal standard (IS) was applied to improve the CE analytical precision. As mentioned above, any variations in the sample solutions would cause changes in the quantities of the REE analytes injected with electrokinetic injection, resulting in REE data with errors. Therefore, the chemical similarity between IS and analytes is a prerequisite of good analytical data if electrokinetic injection is applied. For REE analysis, an ideal IS should be selected among lanthanides. Considering the migration time of REE ions (Figs. 1, 2 and 3 ) and their contents in geological samples, Tb was employed as IS for other REE ions in this work. With IS, much improved correlation coefficients were obtained from 0.9920 for Yb to 0.9997 for Eu, compared with the correlation coefficients from 0.7200 for Lu to 0.8178 for Dy without IS. Clearly, the IS method will play an important role for improving the quality of the analytical data by CE determination.
Despite the low content of Tb in real samples, Tb is one of the lanthanide elements, and always occurs with other lanthanides; thus, sample Tb sometimes might cause errors for analytical results. In terms of its certified values, the Tb contribution from reference materials is corrected using However, the above equation is unsuitable for unknown samples due to the uncertified IS content. Therefore, a main
concern is how to correct the IS contribution and finally successfully apply the CE technique to practical samples. For each sample, two preparations were conducted without and with the addition of the IS, respectively. Accordingly, the peak-area ratios of an analyte to the IS are defined as R0 and R1:
where besides the same terms occurring in Eq. (2), A S and A S IS are the measured area counts of the analyte and the IS, respectively; M S is the quantity of the analyte in a certain weight of the sample. Alternatively, the above equations are expressed as
Therefore, the IS quantity from the sample is derived as
Combining Eqs. (2) and (7), the true IS area count corresponding to its added quantity was calculated; thus, correcting the sample IS contribution was achieved. In practice, the measuring accuracy of the R0 and R1 data is closely controlled by the contents of the elements in pairs. Due to their low contents in real samples, heavy lanthanides are generally not considered to be suitable for this method. From the separability of Eu and Gd, and Y and Dy (Figs. 1, 2 and 3) , the four elements are also not suggested. The rest are La, Ce, Pr, Nd and Sm. Here, Nd is attempted to be as IS and the elements in pairs are the La/Nd, Ce/Nd, Pr/Nd and Sm/Nd ratios. The preparations of the reference materials with IS Tb are equivalent to those without the addition of IS Nd. The fourratio data, i.e. R0 are consistent with those calculated from their certified values, which means that the contents of these light REEs are high enough to present peak area responses for accurate determinations.
The preparations of the GSR-2 material with standard addition can also be handled with the addition of IS Nd, and the ratio data of La/Nd, Ce/Nd, Pr/Nd and Sm/Nd correspond to R1. Accordingly, the Nd contents are derived with the combination of Eq. (7); they are 18.9 ± 0.5 µg g -1 , 18.6 ± 0.9 µg g -1 , 18.9 ± 0.4 µg g -1 and 18.3 ± 0.5 µg g -1 , respectively. Compared with the certified value of Nd, i.e. 19 ± 1 µg g -1 (Table 1) , the derived contents are very satisfactory. Therefore, this proposed method enables the CE technique to be applicable to trace REE analysis in real samples.
Conclusions
A much larger quantity of REE ions in a water medium was injected than in dilute HNO3. Electrophoretic separation of REE ions in the presence of major and trace elements demonstrated that there is interference from the matrix and trace composition of geological materials. After chemical separation of the interference elements and preconcentration of the REE analytes, satisfactory analytical data were obtained for the addition of the REE standard to geological materials. The applicability of the CE technique to trace REE analysis has been validated by a series of certified geological materials. With electrokinetic injection, an internal standard (IS) selected among the lanthanides is a necessity for good quality REE data. Based on preparations of each sample with and without the addition of the IS, respectively, correcting the sample IS contribution was achieved by using a higher content of light REEs in pairs, such as La/Nd, Ce/Nd, Pr/Nd and Sm/Nd, where Nd is IS. This approach is feasible, and enables the CE technique to be applicable to trace REE analysis in real samples.
